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ARTICLE INFO ABSTRACT
Keywords: Schistosomiasis, caused by parasites of the genus Schistosoma, remains a major public health
Schistosoma mansoni burden in sub-Saharan Africa, particularly where access to clean water, sanitation, and hygiene is

Environmental DNA
eDNA filtration
eDNA purification

limited. Effective control requires large-scale surveillance, but traditional methods such as mal-
acological surveys, and stool or urine microscopy often lack sensitivity and scalability. This study
qPCR evaluated environmental DNA-based detection of Schistosoma mansoni in water samples from Lake
Sschistosomiasis surveillance Albert and Lake Victoria, Uganda. Three filtration techniques (open membrane, Waterra eDNA
Uganda capsule, and Sylphium eDNA Dual filter capsule), were compared for eDNA yield and detection
sensitivity. Quantitative PCR (qPCR) targeting the cytochrome c oxidase subunit 1 (COI) mito-
chondrial gene was used to quantify S. mansoni eDNA, following in silico and in vitro primer
optimisation. Conventional malacological surveys were conducted in parallel for validation.
Statistical analyses further examined associations between eDNA yield, detectability, and envi-
ronmental factors. The qPCR assay had a practical limit of detection (LOD) of 100 DNA copies per
reaction and a theoretical LOD/limit of quantification of 83 copies. Schistosoma mansoni eDNA
was detected in 26 % (15/58) of samples from Lake Albert and 24 % (27,/113) from Lake Victoria.
Waterra filters yielded the most eDNA, and Sylphium purification produced significantly greater
yields than column-based extraction kits. Both filter type and eDNA yield significantly influenced
S. mansoni detection: Waterra and Sylphium-single filters had the highest amplification proba-
bilities (~40 %), while open membrane filters performed poorly (~3 %). eDNA yield was a strong
predictor of detection, with the odds of positivity increasing by ~0.8 % per additional nanogram
of eDNA. Among positive samples, Waterra filters produced the lowest mean Ct values, indicating
greater recovery of amplifiable parasite DNA. Conversely, open membrane filters were the most
affect by field contamination. Our findings highlight eDNA as a sensitive and scalable tool for
surveillance of schistosomiasis and other water-borne parasitic diseases. While higher-capacity
filters and two-phase extraction methods maximised eDNA yield, lower-yield methods still
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enabled detection in high-transmission settings. A comparative analysis of sampling effort, costs
and contamination and infection risks is presented. Overall, our results support the adaptability of
eDNA approaches across resource contexts and underscore the need for protocol standardisation,
ecological validation, and field-deployable diagnostics such as LAMP.

1. Introduction

Schistosomiasis, a parasitic disease caused by trematodes of the genus Schistosoma (WHO, 2016), remains a major public health
concern in parts of Latin America, Asia, and particularly Africa, where it leads to significant morbidity and mortality (Aula et al.,
2021a; Mawa et al., 2021). The disease has a complex lifecycle that involves freshwater snails as intermediate hosts, and humans or
other mammals as definitive hosts. In Africa, the two main species affecting humans are Schistosoma mansoni and Schistosoma hae-
matobium (Aula et al., 2021). According to the World Health Organization (WHO), more than 250 million people require medical
treatment for schistosomiasis, with over 90 % of fatal cases occurring in African countries (WHO, 2016, 2020). In addition, approx-
imately 800 million people in Sub-Saharan Africa remain at risk of infection (Aula et al., 2021).

As the second most prevalent parasitic disease, after malaria (Joof et al., 2021; Mawa et al., 2021), there is an urgent need to invest
in the eradication of schistosomiasis. To guide this effort, the WHO proposed the 2021-2030 Neglected Tropical Disease (NTD)
roadmap, setting ambitious global targets for schistosomiasis elimination. By 2030, the goal is to interrupt transmission and ultimately
eliminate the disease in all 78 affected countries (WHO, 2016, 2020). Achieving this task is a complex endeavour influenced by social,
economic, political, and cultural factors (Onasanya et al., 2021). Schistosomiasis disproportionately affects impoverished rural
communities with limited access to adequate water, sanitation, and hygiene (WASH), and healthcare infrastructure (Aula et al., 2021).
Addressing these challenges requires a multidimensional, transdisciplinary approach that integrates multiple control strategies. This
approach should combine preventive chemotherapy through mass drug administration (MDA) using Praziquantel, with snail control,
and improvements in WASH (Kura et al., 2020; Onasanya et al., 2021; WHO, 2020). Furthermore, promoting behavioural changes
within local communities is essential to breaking the disease transmission cycle (Exum et al., 2019).

Effective control of schistosomiasis relies on accurately identifying and targeting high-risk populations, making large-scale
infection mapping a critical component of disease surveillance (Trippler et al., 2022). Surveillance tools play an essential role in
monitoring infection prevalence in human and non-human hosts, and intermediate snail hosts, as well as in verifying the elimination of
transmission. Traditionally, detection in humans has been performed using the Kato-Katz stool examination for S. mansoni and urine
filtration for S. haematobium (WHO, 2022). However, these methods have limitations, particularly in terms of sensitivity and accuracy
at low infection rates, and they are also invasive, time-consuming (Yin et al., 2021) and do not identify transmission sites.

For detecting infections in intermediate snail hosts, conventional techniques include light-induced shedding and crushing methods
(Fuss et al., 2020). More recently, molecular diagnostics such as PCR (Hamburger et al., 1998), two-step multiplex infection and
diagnostic PCR (Schols et al., 2019) and loop-mediated isothermal amplification (LAMP) (Gandasegui et al., 2016) have been intro-
duced to detect prepatent infections in the snail intermediate hosts. While these methods are highly sensitive for detecting infections in
snails before cercariae are released in into the water, they are labour-intensive. They require malacological sampling, accurate
identification of competent snail hosts, and subsequent laboratory-based processing, including cercarial shedding, DNA extraction and
amplification. Yet early detection of vector snail species and their associated schistosome parasite species in the environment is critical
for schistosomiasis control (Champion et al., 2021; Sengupta et al., 2019). Therefore, there is an urgent need for advanced, on-site
pathogen and vector detection tools to identify potential and active transmission sites, provide early warnings, and support timely
risk assessments for human health.

Environmental DNA (eDNA) is emerging as a promising tool to address this need. As a non-invasive and scalable approach, eDNA
enables highly sensitive detection of target species directly from environmental samples without requiring physical collection of or-
ganisms (Jo, 2023). Defined as all genetic material released by organisms into their surroundings (Jo, 2023), eDNA has been widely
applied in ecological studies, biomonitoring, and species identification (Bruce et al., 2021). Moreover, its potential for tracking
invasive species and pathogens in both terrestrial and aquatic ecosystems makes it a valuable addition to the schistosomiasis sur-
veillance strategies (Bass et al., 2015; Sengupta et al., 2022).

Recent studies have successfully applied eDNA techniques to detect S. mansoni in environmental water samples, demonstrating
their value in identifying transmission hotspots (Alzaylaee et al., 2020; Gava et al., 2025; Sato et al., 2018; Sengupta et al., 2019).
However, these efforts have typically relied on single water filtration and eDNA extraction methods, tested only mesocosm samples
with abundant eDNA, or lacked direct comparison of sampling strategies, which may affect eDNA yield and detection sensitivity.
Furthermore, little attention has been given to optimising qPCR assays for S. mansoni detection, particularly with respect to robustness,
limit of detection and quantification, and specificity across geographically diverse isolates. The choice of filtration technique remains a
key factor influencing eDNA recovery, yet comparative data on filtration performance, cost-efficiency, and field suitability are still
limited.

This study aims to address these gaps by: (1) optimising and evaluating the specificity, sensitivity, and robustness of a SYBR Green
gPCR assay for S. mansoni detection; and (2) comparing the performance and practicality of three different eDNA filtration and pu-
rification methods to identify the most cost-effective and sensitive approach for schistosomiasis monitoring. Our research focuses on
freshwater lakes in Uganda, Lake Albert and Lake Victoria, where schistosomiasis remains highly endemic, with the broader goal of
strengthening eDNA-based molecular surveillance strategies for control programs in similar endemic settings.
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2. Materials and methods
2.1. Ethics statement

Sampling was conducted within the framework of the Uganda Schistosomiasis Multidisciplinary Research Center (U-SMRC), with
ethical approval obtained from the Research Ethics Committee of the Uganda Virus Research Institute (GC/127/940), the Uganda
National Council for Science and Technology (HS2568ES) and the London School of Hygiene & Tropical Medicine (29203).

2.2. Field surveys in Uganda

2.2.1. Study location and sampling site selection

A preliminary survey was conducted to identify suitable sampling sites along the shorelines of lakes Albert and Victoria, as well as
in adjacent inland swamps. We used a purposive sampling approach, selecting locations with frequent human water contact activities
(washing, bathing, fishing), which are known risk factors for schistosomiasis transmission. This strategy aimed to increase the like-
lihood of detecting S. mansoni and its snail vector. Lake Albert is a rift lake with a relatively straight shoreline. Seven sampling sites
were selected: five on the lakeshore (Kiina, Sunsu Bay, Sunzu Beach, Songa, and Nyalebe) and two in swampy areas upslope on the
escarpment (Ngoma and Nyampindu). In Lake Victoria, the shoreline is characterized by bays and peninsulas. Five primary human
water contact sites were selected: Lugala, Busiro, Buduma, Bumeru, and Maruba. In addition, paired sites approximately 500 m away
from each main human contact site were included to assess eDNA detectability beyond the immediate potential transmission sites. An
additional inland swamp site, Kabarere, was also included (Fig. 1). An overview of all sampling locations including geographic co-
ordinates for each site are listed in Supplementary Table S1. Representative photographs of Lake Albert sampling sites are shown in
Supplementary Fig. S1, and those of Lake Victoria sites in Supplementary Fig. S2.

2.2.2. eDNA sampling

Three eDNA filtration methods were used: cellulose nitrate open membrane filters (41 pm and 0.45 pm pore sizes), polyether
sulfone Waterra capsule (0.45 pm), polyether sulfone Sylphium single (0.8 pm) and coupled capsules (5 pm and 0.45 pm) (Supple-
mentary Fig. S3). Field preparation followed a modified protocol from Laramie et al. (2015). Upon arrival, a field station was set up
(Supplementary Fig. S3), and reusable equipment were decontaminated using 3.75 % bleach, rinsed with lake water, and dried. Boots
and waders were also decontaminated before and after sampling. eDNA filtration was conducted prior to snail sampling to prevent
contamination. Water collection and filtration were performed upstream from the sampling location point. In order to monitor the
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Fig. 1. An overview map of the sampling sites in Lake Albert and in Lake Victoria. Along Lake Albert, five sites (Kiina, Sunzu Bay, Sunzu Beach,
Songa and Nyalebe) were located at or near the lake shore and two sites (Ngoma and Nyampindu) were inland sites. Along Lake Victoria, five sites
(Maruba, Bumeru, Buduma Beach, Busiro Beach and Lugala) were located at or near the lake shore and one site (Kabarere) was an inland site.
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possibility of cross-contamination, a negative control (field blank) was collected at each site after eDNA filtration using 1.5 L bottled
water using the same apparatus. To minimize cross-contamination, different single-use gloves were worn at different sampling sites
and changed during filter handling. At each site, 3 L of lake water was collected from five different microhabitats (total 15 L), ensuring
variation in vegetation and shoreline distance. This collection was repeated for both the open membrane and Waterra filtration
methods, while for Sylphium filters, water was directly filtered while traversing the microhabitats. All samples were collected during a
single field campaign (dry season). Summary of the total number of eDNA filters and field blanks collected and analysed per filtration
technique is shown in Fig. 2.

2.2.2.1. Open membrane filtration. The open membrane filtration protocol was adapted from Laramie et al. (2015), Protocol #1 with a
manual hand-driven vacuum pump. A Thermo Scientific™ Nalgene™ reusable bottle-top filter was used, consisting of a filtration
funnel, membrane holder, and a 500 mL plastic receiver bottle to measure filtrate volume. The membrane filter was attached to the
holder and funnel, sealed tightly, and connected to the manual vacuum pump via plastic tubing. Filtration was performed in two steps:
first, lake water was passed through the 41 pm membrane, and the filtrate was collected. This filtrate was then filtered through the
0.45 pm membrane. Filtration duration and filtrate volume were recorded until clogging. Water was poured slowly into the funnel,
maintaining steady vacuum pressure for unidirectional flow. Once clogging occurred, the filter was removed with clean forceps and cut
in half using decontaminated scissors. Half of the filter was stored in a 2 mL tube with 1.5 mL of DNA/RNA Shield buffer (Zymo
Research), half was dry-preserved in a 50 mL Falcon tube with 15-20 g of silica beads to absorb moisture. Both tubes were sealed with
parafilm or duct tape, placed in a labelled Ziplock bag, and stored in a cool box away from light and heat. After decontamination, the
same process was repeated for the negative control using bottled water.

2.2.2.2. Waterra filtration. The Waterra eDNA filtration setup included a 20 L jerrycan with a bottom tap, connected to the Waterra
filter capsule via plastic tubing. A graded pitcher was placed under the filter outlet to collect and measure the filtrate. Both filtration
duration and filtrate volume were recorded. Once the target volume was filtered or the filter became clogged, the Waterra eDNA filter
was detached, and any remaining water inside was carefully removed by shaking the capsule. One end was sealed, and 10 mL of DNA/
RNA Shield buffer was added in the opposite direction of the flow arrow. The buffer was mixed by gently shaking the filter. Both ends
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Fig. 2. Graphical representation of the number of eDNA and field blank filters collected per filtration technique, purification techniques tested and
analysed via qPCR.
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were then sealed with caps and secured with duct tape to prevent leakage. The filter was placed in a labelled Ziplock bag with the
sampling location and date, and then stored in a cool box to protect it from heat and direct sunlight.

2.2.2.3. Sylphium filtration. The Sylphium eDNA filtration kit included a 3.5 mL CTAB preservation buffer (in a 5 mL syringe) con-
taining a xenobiotic internal positive control, along with two luer-lock male caps (Sylphium Molecular Ecology, Groningen). The
filtration method followed the Sylphium Molecular Ecology (2020) protocol with minor modifications. Filtration time and volume
were recorded until clogging. The filter was placed in a labelled Ziplock bag with the sampling location and date and stored
appropriately.

2.2.3. eDNA purification and yield measurement

Three different eDNA purification methods were tested on filtrates from the three eDNA filter types. (1) The Sylphium Environ-
mental DNA Isolation Kit (Sylphium molecular ecology, 2024) was used for Sylphium eDNA single and coupled filter capsules, Waterra
filters, and open membrane filters stored in DNA/RNA Shield and dry beads, following the manufacturer’s protocol. Filters stored in
dry beads in the field were first placed in 1.5 mL of DNA/RNA Shield solution a few days before purification. For Sylphium filters, 2 mL
of CTAB buffer was purified, while 2 mL and 1 mL of DNA/RNA Shield were used for Waterra and open membrane filters, respectively.
(2) The DNeasy® Blood & Tissue Kit (QIAGEN) was applied to Waterra filters, where 1 mL of DNA/RNA Shield solution was processed
following the manufacturer’s guidelines. (3) The ZymoBIOMICS™ DNA Miniprep Kit (Zymo Research) was used for Waterra and open
membrane filters, processing 1 mL of DNA/RNA Shield solution according to the manufacturer’s protocol. For all purification methods,
purified DNA was eluted in a final volume of 100 pL, quantified using the Quant-iT™ PicoGreen™ dsDNA Assay Kit following the
manufacturer’s instructions and stored at —20 °C until further analysis.

2.2.4. Snail sampling, shedding experiments and molecular analysis

Conventional malacology surveillance was conducted to validate eDNA results. Snail specimens were collected after eDNA
filtration (to avoid contamination), with a scooping net (a sieve with 5 x 5 mm mesh mounted on a 2 m metal rod) for 30 min at each
sampling site by two people, following Madsen et al. (2001). Protective gear (gloves and waders) was used to avoid skin-water contact.
Both emergent and submerged vegetation were visually inspected for snails. After 30 min, the snail specimens were kept alive in
empty, clean falcon tubes (50 mL) with pieces of aquatic vegetation. Snails were morphologically identified and sorted according to
Brown (1994) and the Danish Bilharziasis Laboratory identification keys (Frandsen et al., 1980). Morphological identification was
conducted based on shell morphology, shape of soft parts extended out of the shell, i.e., the shape of the foot and the tentacles, head,
and presence or absence of operculum (Brown, 1994; Frandsen et al., 1980).

In the lab, each living snail was kept separately in Falcon® 24-well clear flat bottom TC-treated multi-well cell culture plates, filled
with bottled water, kept in the dark overnight and exposed to bright artificial light to induce the shedding of cercariae. The snails were
examined under the light microscope to detect any cercariae that emerged. When shedding snails were detected, they were stored
separately in 97 % ethanol with the cercariae in a 15 mL glass tube to keep the shedding snail and the corresponding cercariae together.
The tubes were labelled with the location, the date, the snail species, and if the shedding cercariae belong to Schistosoma or another
genus based on the first visual inspection. The ethanol-preserved samples were then packed for transportation for further molecular
analysis at the KU Leuven molecular laboratory in Belgium.

Snail DNA extraction was carried out using the E.Z.N.A.® Mollusc DNA Kit (Omega Bio-tek, Inc.) following the manufacturer’s
protocol. A total of 136 snails from 10 sampling sites were subsequently used for molecular analysis. These snails included different
morphotypes of Biomphalaria and Bulinus across the selected sites from both Lake Albert and Lake Victoria regions. Snail species were
identified based on molecular barcoding by amplifying a fragment of the mitochondrial cytochrome oxidase subunit 1 (COI) gene,
followed by PCR product purification and Sanger sequencing, using primers and protocols described by Hammoud et al. (2022). To
assess snail infection prevalence, a two-step molecular infection and diagnostic approach was used. First-step, a general infection
multiplex PCR (Schols et al., 2019) was performed to detect trematode infections, including Schistosoma spp., in snail tissue DNA. This
infection multiplex PCR included three markers: (1) an internal control confirming successful PCR amplification using a general
gastropod 18S ribosomal DNA marker: 18S_SNAIL_F: 5-AGTATGGTTGCAAAGCTGAAACTTA-3' and 18S_SNAIL R: 5-TACAAAGGG-
CAGGGACGTAAT-3' (Carolus et al, 2019), (2) trematodes-specific 18S ribosomal DNA marker: 18S_Digenea F:
5'CAGCTATGGTTCCTTAGATCRTA-3' and 18S_Digenea R: 5-TATTTTTCGTCACTACCTCCCCGT-3' (Carolus et al., 2019) and (3) a
Schistosoma spp. internal transcribed spacer 2 (ITS2) marker: ITS2_Schisto_F: 5-GGAAACCAATGTATGGGATTATTG-3' and ITS2 -
Schisto_R: 5-ATTAAGCCACGACTCGAGCA-3' (Schols et al., 2019). Second-step, samples with a positive schistosome signal were then
analysed using a multiplex Schistosoma diagnostic PCR to identify the schistosome species by discriminating them based on their
different amplicon lengths in the COI gene (Schols et al., 2019). The two-step multiplex PCR protocols (infection multiplex PCR and
diagnostic multiplex PCR) were performed as described by Schols et al. (2019), with initial denaturation at 95 °C for 3 min, 39 cycles of
94 °C for 30 s, 62 °C for 45 s, 72 °C for 45 s and a final elongation step at 72 °C for 10 min.

2.3. Primer design, in silico and in vitro testing
The existing primer pair of Sato et al. (2018) targeting a 162 bp fragment of the COI gene of S. mansoni was tested in silico using

Primer-BLAST analysis against the taxonomic class Trematoda (taxid:6178). We also ran ecoPCR (Ficetola et al., 2010) on 50 trem-
atode mitogenomes sequences obtained from GenBank database (list adapted from Douchet et al., 2022) and 37 COI gene sequences of



C.W. Wambui et al. Food and Waterborne Parasitology 42 (2026) e00313

different Schistosoma isolates from different geographical regions of Africa. All the sequences and their accession numbers used for in
silico testing are provided in Supplementary Table S2. Genomic DNA (gDNA) from adult worms of S. mansoni, S. haematobium, S. bovis,
S. rodhaini, S. mattheei and S. curassoni, collected from various geographical regions of Africa and sourced from the Natural History
Museum’s Schistosomiasis Collection (SCAN; Emery et al., 2012), was used to assess primer specificity in vitro using conventional PCR.
In addition, gDNA from a hybrid cross between S. haematobium x S. bovis and from non-schistosome trematodes known to co-infect the
same intermediate snail host (Biomphalaria), was obtained from the Royal Museum for Central Africa collection. The non-schistosome
trematodes (Apharyngostrigea pipientis, Euparyphium capitaneum, Drepanocephalus auratus) were identified as natural co-infections with
S. mansoni in Biomphalaria sudanica during the field sampling.

2.4. SYBR Green qPCR assay optimisation and sensitivity testing

To optimise the S. mansoni SYBR Green assay, the reactions were performed on CFX96™ C100 Touch™ Thermal Cycler (Bio-Rad),
in a 20 pL total volume, with 10 pL SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad), 9 pL. DNA template. The qPCR cycles
were: 30 s at 95 °C for initial denaturation, 45 cycles of 95 °C for 15 s and 60 °C for 30 s each, followed by a melting curve analysis with
15 min of temperature rise from 65 °C to 95 °C with an increment of 0.5 °C. The assay’s limit of detection (LOD) and limit of
quantification (LOQ) were evaluated using a seven-step 10-fold serial dilution of standards prepared from a 726 bp COI fragment
amplified from S. mansoni adult worm gDNA. The double-stranded DNA (dsDNA) fragment contained the target region for the Sato
et al. (2018) qPCR primers used in this study. The 726 bp fragment was amplified by PCR using the Sma-COI-F forward primer (Sato
et al., 2018) and the Schiman_COIR reverse primer (Sengupta et al., 2019). Following amplification, the fragment was purified using
magnetic bead-based CleanPCR beads (CleanNA) and quantified with the Quant-iT™ PicoGreen™ dsDNA Assay Kit following the
manufacturer’s instructions. The resulting concentration was used to calculate the standard DNA copy numbers using the following
equation:

(stock concentration*6.0221*10%%)

copy number = - :
amplicon length*1*109*molar mass/bp

where stock concentration = measured concentration in ng/pL, amplicon length = 726 bp and molar mass of 1 DNA base pair = 650 g/
mol/bp. The standards, with known copy numbers, were stored at 4 °C and used within three days of production to limit any potential
effects of DNA degradation. The LOD was assessed both practically and theoretically. Practical LOD was defined as amplification of the
lowest standard concentration in >95 % of the reactions, while theoretical LOD was the amplification probability for different gPCR

replicates for each standard concentration calculated in RStudio (R 4.2.0, with packages “drs”, “ggplot2”) using the script modified
from Merkes et al. (2019) published by Klymus et al. (2020). All the qPCR reactions were performed in triplicates.

2.5. Statistical analysis

2.5.1. Data standardisation

To accurately compare the performance of different filtration and extraction protocols, the raw eDNA yield data were standardised
to account for variations in ratio of volume of the eDNA preservative injected to volume extracted. This volume standardisation
ensured comparability across filter types and extraction protocols, thus enabling direct comparisons across samples.

Shapiro-Wilk tests were performed to assess the normality of the data distribution. In cases where the assumption of normality was
violated, a log-transformation was applied to the data. If normality was not achieved post-transformation, Welch’s ANOVA (Analysis of
Variance) or a non-parametric Kruskal-Wallis test was used instead of parametric test. Post-hoc comparisons were performed using
Tukey’s Honestly Significant Difference (HSD) test for parametric data and Dunn’s test for non-parametric data with Bonferroni
adjustments.

The relationship between turbidity (measured in Formazin Nephelometric Units, FNU) and total dissolved solids (TDS, measured in
ppm) was assessed to determine whether both environmental variables should be included as covariates in subsequent analyses.
Spearman’s rank correlation was used to evaluate the non-parametric relationship between turbidity and TDS.

2.5.2. Comparison of filter performance and eDNA purification protocols

To compare the performance of different filtration methods, we pooled the total eDNA yields from coupled filters of the same
filtration type at the same sampling site (both Open-membrane and Sylphium-coupled filters with different pore size), and used these
aggregated values to evaluate differences in eDNA recovery across filtration methods.

A Welch ANCOVA (Analysis of Covariance) was performed, with turbidity and TDS as covariates in the model to assess their in-
fluence on DNA yield. The analysis also examined potential interactions between filter type and environmental conditions (turbidity
and TDS) through an interaction test. To compare the performance of different eDNA purification protocols, a one-way ANOVA was
conducted.

2.5.3. Impact of filter type and turbidity on S. mansoni eDNA detection

To evaluate the influence of filtration methods on qPCR amplification success, we fitted a binomial generalized linear model (GLM)
using the number of positive replicates out of total replicates as the response variable and filter type as the predictor. Pairwise
comparisons were performed using estimated marginal means on the logit scale with Tukey correction for multiple testing. This
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analysis allowed us to assess the consistency of S. mansoni eDNA detection across different filter types. In addition, we implemented a
logistic regression analysis using the binary qPCR outcome (positive vs. negative) as the response variable and eDNA yield (ng) as the
predictor. This analysis, conducted on non-blank samples, tested whether total eDNA concentration was associated with the likelihood
of detecting S. mansoni, thereby evaluating eDNA yield as a proxy for detection probability. To further explore environmental in-
fluences, Spearman’s rank correlation was used to assess the relationship between water turbidity and S. mansoni detection rates,
testing whether increased particulate load was associated with reduced amplification success.

All analyses were conducted in R (v4.1.2) (R Core Team, 2022). Data standardisation and manipulation were performed using the
dplyr package (Wickham et al., 2025), while data visualisation (boxplots and scatterplot,) was achieved using ggplot2 (Wickham,
2016). Welch ANOVA and ANCOVA analyses were conducted using the car package (Fox and Weisberg, 2019), and post-hoc tests were
performed using emmeans (Lenth, 2025).

2.6. Comparative analysis of sampling effort and costs

The time spent in the field (processing and handling time), equipment costs, contamination risks and operator infection risks were
compared among the three eDNA filtration methods and the malacology method. Further details are provided in table legend (Table 5).

3. Results
3.1. Assay specificity and sensitivity

The in silico test showed 100 % specificity of primers for conspecific mitolineages. The conventional PCR results presented a high
specificity to S. mansoni without visibly cross-amplifying other trematode DNA, including other Schistosoma species (Fig. 3). The

observed or practical LOD was 100 copies per reaction. The assay amplified in 82 % of the reactions with ten copies of DNA and in 76 %
with one copy of target DNA (Supplementary Table S3). The theoretical LOD and calculated LOQ was 83 copies per reaction (Fig. 4).

3.2. eDNA field samples gPCR amplification

A sample was confirmed positive for S. mansoni parasite eDNA when the melt peak obtained for one or more replicates was 77.5 °C
=+ 0.5 °C, defined by the melting curve profile of the positive controls. Schistosoma mansoni eDNA was detected in 15/58 (26 %) samples
(excluding the field filtration and laboratory extraction negative controls) analysed from Lake Albert and 27/113 (24 %) from Lake
Victoria. A subset of the positive eDNA samples were sequenced as an additional validation step, and the results confirmed that the
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Fig. 3. Results of the in vitro specificity test for S. mansoni primer pair. (A) gDNA of Schistosoma species isolates: lanes 1, 2, 3 and 7 contain the
gDNA of S. mansoni isolates from Cameroon, Egypt, Kenya and Senegal, respectively; lanes 4, 5, 6 and 8 contain S. haematobium isolates from Liberia,
Zanzibar, Guinea Bissau and Senegal, respectively; lane 9 is S. bovis isolate from Kenya, lane is 10 S. rodhaini isolate from Burundi, lane 11 is
S. mattheei isolate from Zambia and lane 12 is S. curassoni isolate from Senegal. (B) gDNA of infected and non-infected Biomphalaria and Bulinus
snails isolated from Uganda: lane 1,2,3 are Bi. sudanica snails infected with Drepanocephalus auratus, Apharyngostrigea pipientis and Euparyphium
capitaneum respectively, 4, 5, 6 are Bu. truncatus, 7-11 are Bi. sudanica (7,8,10,11 infected with S. mansoni and 9 non-infected), and lane 12 contains
a negative PCR control (UltraPureTM DNase/RNase Free distilled water). L: DNA ladder (100 bp each).
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Fig. 4. (a) The Calibration curve plot with Ct values on the y-axis and standard concentration on the x-axis. The black points are the middle 2
quartiles of standards with >50 % detection and are included in the linear regression calculations, while the blue pluses (+) are not included in the
linear regression calculations as they fall outside the middle 2 quartiles and/or with <50 % detection. The mean R"2 of the assay is 0.979. The
resolved limit of detection (LOD) and limit of quantification (LOQ) are indicated by the vertical red and black dotted lines, respectively, and show a
value of 83 copies/reaction. (b) The theoretical LOD plot showing the probability of successful amplification at different gPCR replicates for each
standard concentration. Each colour represents different LOD for different numbers of qPCR replicates. (c) The LOQ plot for the assay. The y-axis
represents the coefficient of variation (CV) for Ct values, while the x-axis shows standard concentrations in copies per reaction. The blue line
represents the LOQ model, and the points indicate the CVs for each standard concentration. The vertical red line marks the LOD for reference. The
grey rectangle represents the calculated LOQ, with its right boundary indicating the value (83 copies/reaction), determined where it intersects the
calibration curve (LOQ is similar to the LOD in this study). The plots are produced in RStudio, code modified from Merkes et al. (2019). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

gPCR amplified eDNA fragments belonged to S. mansoni, with an identity ranging from 95.2 % to 100 % to the matching sequences in
the NCBI (accession numbers: MK172832, MT994261, MZ660623, MZ656796, MK095609, MN603504, MF919423, MN593408).

3.2.1. Field blanks

It is worth noting that 8/105 field filtration negative controls showed a positive signal with measurable Ct values (two Waterra, two
Sylphium, four Open membrane). While some displayed unspecific melting curves (melt peak at 75 °C) compared to the S. mansoni
positive control melt peak, others had a typical S. mansoni melt peak indicative of contamination.

Table 1
Comparison of environmental DNA (eDNA) results with cercariae shedding experiments in the field and two-step multiplex infection and diagnostic
PCR.

Lake Albert

Site name Kiina Sunzu Bay Sunzu Beach Songa Ngoma
eDNA + + + + _
Shedding experiments - — — + _
Two-step multiplex infection and diagnostic PCR - + + + +

Lake Victoria
Site name Bisiro Beach Bumeru Maruba Kaberere
eDNA + + + +
Shedding experiments + + + +
Two-step multiplex infection and diagnostic PCR + + + +
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3.2.2. eDNA versus snail surveys

Comparing eDNA results with conventional snail surveys, eDNA analysis showed partial agreement with conventional snail survey
methods in Lake Albert. Specifically, eDNA results were consistent with two-step multiplex infection and diagnostic PCR in 3 out of 5
sites and with shedding experiments in 1 out of 5 sites (Table 1). In contrast, all sites surveyed in Lake Victoria showed complete
agreement across eDNA, shedding experiments and two-step multiplex infection and diagnostic PCR.

3.3. Correlation between turbidity and TDS

Spearman’s rank correlation analysis revealed a moderate positive correlation between turbidity and TDS (p = 0.463, p-value =
1.065e-08). This indicates that as turbidity increases, TDS tends to increase as well, though the relationship was not particularly strong.
The significant p-value (p = 1.065e-08) suggests that the correlation is unlikely to have occurred by random chance. The moderate
correlation (p = 0.463) implies that while turbidity and TDS reflect related environmental factors, they capture distinct aspects of
water quality. Therefore, both turbidity and TDS were retained in downstream analyses to avoid overlooking independent contri-
butions to DNA yield variability.

3.4. Comparison of filtration techniques across sampling sites (filter performance)

A total of 111 samples, with eDNA purified using Sylphium extraction method, from 13 sampling sites were used for the Welch
ANCOVA. The results indicated that filter type had a significant effect on eDNA yield (p < 2.2e-16), while neither turbidity (p = 0.174)
nor TDS (p = 0.187) demonstrated a significant influence on eDNA yield. Consequently, an interaction test was conducted to evaluate
whether filter performance varied with turbidity and TDS. The results showed no significant interaction between filter type and
turbidity (p = 0.503) or TDS (p = 0.078).

A post-hoc pairwise comparison of total eDNA yield across different filter types was conducted using estimated marginal means
(emmeans) and the Bonferroni adjustment for multiple filter types comparison (Table 2). The results indicate that Waterra had the
highest eDNA yield (emmean = 317.0 ng), significantly outperforming Sylphium and open membrane filters (p < 0.05). Sylphium-
coupled and Sylphium-single rank second and third with emmean of 220.4 and 186.0 ng of eDNA yield, respectively. These find-
ings highlight the superior performance of Waterra over Sylphium and open membrane filters in eDNA recovery from water samples
(Fig. 5). In contrast, no significant differences were observed in eDNA yield between the open membrane filters with 41 pm and 0.45
pm pore size (p = 1), or between the open membrane filters preserved in Zymo DNA/RNA shield and those preserved in dry beads (p =
1). These results indicate comparable performance in eDNA recovery across the open membrane filters, regardless of pore size or
preservation method.

3.5. Comparison of eDNA purification methods

A total of 42 Waterra samples from nine sampling sites were analysed to evaluate the effectiveness of three eDNA purification
protocols: DNeasy Blood and Tissue (14 samples), Sylphium extraction (14 samples), and Zymo Research (14 samples), based on eDNA
yield. Waterra filters were specifically selected for this comparison because they yield higher volumes of recovered eDNA preservative
solution than other filter types, making them more suitable for consistent testing of different extraction protocols. Results from
Shapiro-Wilk test indicates no significant deviation of the data from normality for all three methods (p > 0.05) (Table 3). However, the
DNeasy Blood and Tissue and Zymo Research yield data showed potential skewness (Supplementary Fig. S4). To ensure consistency
across all groups, the data was log transformed and Kruskal-Wallis test chosen, followed by a post-hoc Dunn’s test to evaluate pairwise
differences in eDNA yield between the three purification protocols. The results in Table 4 show significant differences in eDNA yield
between DNeasy Blood and Tissue and Sylphium extraction (Z = —4.521, p.adj = 0.0000184), with Sylphium extraction protocol
yielding significantly more eDNA. Additionally, Sylphium extraction showed significantly higher eDNA yield compared to Zymo

Table 2

Estimated marginal means (emmeans) and pairwise comparisons of eDNA yield across different filter types. The emmeans table shows the estimated
means (emmean) for each filter type along with standard error (SE), degrees of freedom (df), and 95 % confidence intervals (lower.CL and upper.CL).
The ‘contrast’ table presents pairwise comparisons between filter types, displaying the estimated difference (estimate), standard error, t-ratio, and
adjusted p-values using the Bonferroni method. Significant differences (p < 0.05) highlight filters with higher eDNA yields.

Filter type emmean SE df lower.CL upper.CL
Open membrane 43.6 33.4 47 —23.6 111.0
Emmeans table Sylphium-coupled 220.4 61.5 47 96.6 344.0
Sylphium-single 186.0 35.5 47 114.5 257.0
Waterra 317.0 36.8 47 243.0 391.0
contrast estimate SE df t.ratio p.value
(Open membrane) - (Sylphium-coupled) -176.9 70.0 47 —2.527 0.0897
(Open membrane) - (Sylphium-single) —142.5 48.7 47 —2.922 0.0320
Contrast table (Open membrane) - (Waterra) —273.4 49.7 47 —5.505 <0.0001
(Sylphium-coupled) - (Sylphium-single) 34.4 71.1 47 0.484 1
(Sylphium-coupled) - (Waterra) —96.5 77.1 47 —1.346 1
(Sylphium-single) - (Waterra) —130.9 51.1 47 —2.561 0.0823
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a) Total eDNA yield by filter type b) Volume filtered by filter type
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Fig. 5. Filter type performance based on (a) total eDNA yield captured and (b) volume of water filtered. The black line represents the mean and the
red line the median volume. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Research (Z = 2.697, p.adj = 0.0209). However, no significant difference was detected between DNeasy Blood and Tissue and Zymo
Research (Z = —1.874, p.adj = 0.1826). Supplementary Fig. S5 visually illustrates the differences in eDNA yield across three purifi-
cation methods.

3.6. Impact of filter type and total eDNA Yyield on S. mansoni eDNA detectability

Both filter type and total eDNA yield significantly influenced the detectability of S. mansoni in our samples. The binomial GLM
analysis showed that amplification success varied significantly across filter types (p < 2e-16). Sylphium-single and Waterra filters
yielded the highest amplification probabilities, with estimated success rates of 42.2 % [28.8 %, 56.9 %] and 38.1 % [24.8 %, 53.4 %],
respectively. These were significantly higher than the success rate of the Open membrane filter (3.2 % [1.5 %, 6.5 %]; p < 0.0001).
Sylphium-single also outperformed Sylphium-coupled filters (10.0 % [3.3 %, 26.8 %]; p = 0.028), while no significant difference was
observed between Sylphium-single and Waterra (p = 0.98). In addition, a logistic regression analysis excluding blank controls showed
that eDNA yield was a significant predictor of S. mansoni detection (estimate = 0.0080, p < 0.001). The odds of detection increased by
approximately 0.8 % for every additional nanogram of eDNA recovered. To further assess filter performance among samples where
S. mansoni was successfully detected, we compared mean qPCR cycle threshold (Ct) values by filter type. Waterra filters had the lowest
mean Ct (36.9), followed by Sylphium-coupled (37.2) and Sylphium-single (37.8) filters. Open membrane filters had the highest Ct
values (mean = 39.5), reflecting lower eDNA concentration in positive samples.

3.7. Site-level transmission analysis to rank sites based on detection frequency and intensity

Thirteen out of the seventeen sampling sites tested positive for S. mansoni eDNA through qPCR analysis. The sites Songa (La), Kiina
(LA), Maruba A (LV) and Bumeru A (LV) exhibited the highest detection rates (>50 %), suggesting active transmission, as all collected
filters tested positive for S. mansoni. In contrast, Ngoma (LA), Nyampindu (LA), Bisiro Beach B (LV) and Maruba B (LV) showed no
detectable S. mansoni eDNA (0 % detection rate), indicating either the absence of transmission or eDNA concentrations below the
detection threshold (Supplementary Fig. S6).

3.8. Relationship between turbidity and S. mansoni eDNA detectability

A weak positive correlation was observed between water turbidity and S. mansoni eDNA detectability (Spearman’s rho = 0.091,p =
0.6875) (Supplementary Fig. S7). However, the relationship was not statistically significant (p > 0.05).

3.9. Analysis of sampling efforts and costs
Although conventional malacological survey was significantly cheaper (approximately 3.32 euros per sample) than the eDNA

filtration method (approximately 21.67 euros), it required considerably longer laboratory processing time. The total handling time for
malacology, including snail scooping and shedding experiments, was also substantially longer (approximately two hours) than for the

Table 3

Shapiro-Wilk normality test results. Shapiro_p is the p-value and n is the sample number.
DNA purification method n shapiro_p
DNeasy Blood and Tissue 14 0.353
Sylphium extraction 14 0.408
Zymo Research 14 0.104
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Table 4
Dunn post-hoc test results comparing eDNA yield across three purification methods: DNeasy Blood and Tissue, Sylphium extraction, and Zymo
Research. The results are adjusted for multiple comparisons using the Bonferroni correction to control for Type I error.

Comparison Z P.unadj P.adj

DNeasy Blood and Tissue - Sylphium extraction —4.521651 6.135907e-06 1.840772e-05
DNeasy Blood and Tissue - Zymo Research —1.874395 6.087595e-02 1.826279¢-01
Sylphium extraction - Zymo Research 2.697684 6.982360e-03 2.094708e-02

eDNA filtration (approximately 30 min to one and half hours), depending on the filtration method used (Table 5). Additionally, the
malacology approach had a greater environmental impact and posed a higher health risk to people collecting snails due to prolonged
water exposure, increasing the likelihood of schistosomiasis infection. In contrast, eDNA sampling required minimal direct water
contact, thereby reducing risk of infection. The total processing time in the lab was also significantly shorter for the eDNA filtration
method than for the conventional malacology method.

The three eDNA filter types were compared based on their filtration rate, cost, sampling effort (defined as the time and complexity
of the filtration process in the field), risk of schistosomiasis infection to the operator (duration of water exposure), and cross-
contamination risk. The Open membrane filter with 41 pm pore size had the highest filtration rate due to its greater mean flow
rate and smaller surface area (Table 6). The two Open membrane filters were significantly cheaper than other filtration types but had a
higher risk of contamination and infection. In contrast, the Sylphium filters had the lowest contamination and infection risk (Table 6).

4. Discussion

Environmental DNA (eDNA) is increasingly recognized as a powerful tool for pathogen and vector surveillance in freshwater
ecosystems (Alzaylaee et al., 2020; Kamel et al., 2021; Sato et al., 2018; Sengupta et al., 2019, 2022). This study builds on existing
research by evaluating different eDNA filtration and purification methods for detecting S. mansoni in endemic regions. Our findings
have significant implications for optimising eDNA-based schistosomiasis surveillance and improving parasite detection sensitivity
from water samples in qPCR essays.

4.1. The role of filtration in maximising eDNA recovery and schistosome detection

The choice of eDNA filtration method significantly influenced both eDNA yield and S. mansoni detection success. Waterra 0.45 pm
capsule filters recovered the highest eDNA yields, attributed to the filter’s high-capacity of allowing larger water volumes to be
processed before clogging. In contrast, Open Membrane filters yielded less eDNA, likely due to faster clogging. Additionally, filter type
significantly affected S. mansoni amplification success. Sylphium-single and Waterra filters consistently produced the highest gPCR
positivity rates, with amplification probabilities exceeding 38 %, while Open membrane filters performed poorly (~3 % success).
These findings suggest that filters enhancing both DNA retention and amplification consistency, such as Sylphium-single and Waterra,
are better suited for sensitive parasite detection, particularly when target eDNA concentrations are near the detection threshold.

From a practical perspective, our findings highlight a trade-off between filtration efficiency, field feasibility, and cost. Waterra and
Sylphium filters require minimal handling and maximise eDNA recovery, making them ideal for large-scale surveillance. However,
their cost may limit their accessibility in low-resource settings. Open membrane filters, although more affordable, pose a higher risk of
contamination due to manual assembling of the filtration unit between and within sampling sites, and also high false negative rates.
However, they might remain a viable alternative for field sampling where resources are constrained if only sites with high parasite load
are to be identified. Ultimately, selecting an appropriate filtration method depends on the specific study setting and the available
resources.

Table 5
Estimated processing and handling time, and cost per sample for the eDNA filtration versus the conventional malacology method.
Estimated handling time in the field Estimated processing time in the lab Cost/sample
Conventional malacology method ~2h' ~10h° ~3.32 EUR®
eDNA filtration method ~30 min-1h30min” ~3h* ~21.67 EUR®

! Includes 30 min of scooping, 30 min of sorting the snails in the trays, and one hour of microscopic inspection time to see whether cercariae
shedding has occurred.

2 Depends on the type of eDNA filter.

3 Includes seven minutes of snail preparation before DNA extraction per snail (two hours and 50 min for 24 samples), three hours of DNA extraction
per 24 samples, two hours and 50 min of two-step multiplex infection and diagnostic PCR per 24 samples, and three hours and a half for the
preparation and running of the gel electrophoresis.

4 Includes around one hour for the DNA extraction and two hours for the qPCR assay for a full 96-well plate.

5 Is only based on the extraction kit used for the DNA extraction of one snail and the two-step multiplex infection and diagnostic PCR kit for one
reaction. The other material used in the field (scoop, wader, trays, etc.) were not included in the cost analysis.

6 Includes the estimated average price of the eDNA filter, the DNA extraction of one filter, and the qPCR assay for one reaction.
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Table 6
Various characteristics of the different filter types.
Filter type Filtration rate (mL/min/  Cost per filter Estimated Sampling Contamination Infection risk
cm?) (EURO) effort risk
Sylphium single 0.8 um (69 cm?) 0.39 14.65 ~25 min' low low
Sylphium coupled 5 pm + 0.45 pm (138 0.28 25 ~35 min” low low
cmz)
Waterra 0.45 pm (600 cm?) 0.26 18 ~1 h 20 min® intermediate intermediate
Open membrane 41 pm filter @47 mm 13.62 1.87 ~1h* high high
(17.35 cm?)
Open membrane 0.45 pm filter (47 mm, 1.26 2.15 ~35 min® high high
17.35 cm?)

@ - filter diameter.

1 Includes a mean filtration time of 15 min, five minutes of filtering the water directly from five microhabitats, and five minutes of preparation
before filtration and uncoupling and storing the filter away in the zip lock bag after filtration.

2 Includes a mean filtration time of 15 min, five minutes of filtering the water directly from five microhabitats, and 5 min for each filter (the 5 pm
filter and the 0.45 pm filter separately to be prepared, uncoupled, and stored away in the zip lock bag.

% Includes a mean filtration time of 53 min, 10 min of cleaning the equipment before the filtration, and 10 min of cleaning and storing the filter
away after the filtration.

* Includes a mean filtration time of 30 min and 30 min of cleaning the equipment before and after the filtration and storing the filter away in the zip
lock bag.

5 Includes a mean filtration time of five minutes and 30 min of cleaning the equipment before and after the filtration and storing the filter away in
the zip lock bag.

4.2. Optimising eDNA purification for field samples

DNA purification efficiency significantly influenced eDNA recovery, with the Sylphium extraction method yielding the highest
eDNA concentrations compared to DNeasy Blood & Tissue and ZymoBIOMICS™ Miniprep kits. This is a crucial finding, as eDNA yield
directly impacts detection sensitivity, particularly in low-eDNA samples where losses during purification could lead to false negatives.
The superior performance of Sylphium extraction may be attributed to the differences in the extraction chemistry. The Sylphium
protocol is based on DNA precipitation, where DNA is pelleted out of solution and impurities are removed through a series of wash
steps. In contrast, both the DNeasy and Zymo kits use silica column-based binding, where DNA binds to a membrane and is then eluted
after washing. These findings highlight that selecting an appropriate extraction method is as important as the choice of filtration. The
effectiveness of eDNA-based detection depends not only on capturing target DNA from the environment but also on how well that DNA
is preserved and purified during downstream processing. Future efforts in eDNA-based schistosomiasis surveillance should consider
standardising purification protocols and evaluating extraction chemistry in relation to sample type, inhibitor load, and field conditions
to ensure high comparability and reproducibility across studies.

4.3. Influence of environmental factors on eDNA persistence

Our study found no significant impact of turbidity or TDS on total eDNA yield, despite a moderate correlation between these two
water quality parameters. The non-significant correlation observed between turbidity and S. mansoni detection (p = 0.09, p = 0.69)
indicate that turbidity is not a consistent predictor of S. mansoni eDNA detectability in our samples. One possible explanation is that
turbidity may affect eDNA transport and degradation, but its impact is site-specific and dependent on additional environmental factors.
Previous studies have shown that turbidity can, in some cases, protect eDNA from degradation, as eDNA phosphate groups interact
with soil surfaces to form cationic bonds (Nielsen et al., 2006; Pietramellara et al., 2009; Robson et al., 2016a). However, this
adsorption is pH-dependent. Both Lake Albert and Lake Victoria are characterized by slightly alkaline pH, which decreases the strength
of the electrostatic interactions with eDNA, making cationic bridging less efficient. These findings indicate that eDNA remains
detectable across a range of environmental conditions, supporting its applicability in both clear and turbid habitats. Although further
research is needed to assess whether extreme turbidity conditions could significantly impact Schistosoma eDNA degradation, dispersal,
or recovery. Additional investigations incorporating factors such as pH, temperature, UV radiation, and microbial activity, similar to
studies conducted on fishes (Robson et al., 2016b) and amphibians (Buxton et al., 2017; Goldberg et al., 2018; Strickler et al., 2015)
may provide a more comprehensive understanding of environmental influences on Schistosoma eDNA persistence.

4.4. eDNA versus conventional malacological surveys

The results from the eDNA qPCR amplification reinforce the effectiveness of eDNA-based monitoring for schistosomiasis surveil-
lance. The partial agreement between eDNA detection and conventional snail surveys in Lake Albert highlights the complementary role
of snail surveys in interpretating the eDNA signals. Sites with positive Schistosoma eDNA but negative snail-based results suggest the
presence of S. mansoni eggs or miracidia (pre-infective parasite stages to humans), indicating environmental contamination from
infected human hosts rather than active transmission (presence of cercaria). Conversely, sites with positive two-step multiplex
infection and diagnostic PCR results but negative eDNA and shedding experiments may reflect prepatent snail infections (early stage of
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snail infection), reinforcing the need for integrating multiple detection methods to accurately assess schistosomiasis active and pu-
tative transmission sites.

4.5. Field blanks

Positive blanks were aggregated by sampling site (for different filtration methods), notably the first sampling site for each lake,
highlighting the importance of including proper field blanks. In other sites where contamination signal was picked (in one replicate),
S. mansoni was not detected from water samples. None of the six extraction blanks and 15 qPCR negative controls displayed measurable
Ct values, indicating that the field filtration is the most likely source of contamination with S. mansoni. Open membrane filters were the
ones most impacted by contamination issues, suggesting that decontamination was not sufficient or that handling of exposed filters
increases likelihood of contamination.

4.6. Broader implications and future directions

The successful application of eDNA in this study highlights its potential for large-scale schistosomiasis surveillance, as also
demonstrated by Alzaylaee et al. (2020), Gava et al. (2025), Sato et al. (2018) and Sengupta et al. (2019). However, we acknowledge
that our relatively small sample size limited the statistical power to robustly assess the influence of environmental factors on S. mansoni
eDNA detectability. Future studies should incorporate more extensive spatial and temporal sampling, and include a broader range of
abiotic and biotic covariates known to influence eDNA occupancy and detection (Sengupta et al., 2019). Accounting for these factors
would provide a more comprehensive understanding of filter performance and detection efficiency. Beyond the scope of this study,
several challenges remain before widespread implementation of eDNA-based schistosomiasis surveillance is fully possible. Firstly,
eDNA sampling and amplification protocols standardisation for parasite detection across varying ecological and different laboratory
settings is needed to ensure comparability of results. Sampling guidelines should be developed to determine optimal water volumes,
sampling frequency, and seasonal considerations to enhance detection accuracy across diverse habitats. Variations in eDNA filtration,
extraction/purification, and qPCR protocols can lead to inconsistencies in detection sensitivity, which could complicate efforts to track
transmission trends over time. Developing standardised guidelines for schistosomiasis eDNA surveillance, similar to those established
for fish and amphibian eDNA monitoring, would greatly enhance the reliability and reproducibility of this approach (Hagerty, 2025;
Kendell et al., 2020; Melchior and Cindy, 2023).

Secondly, while qPCR provides high sensitivity, the method requires expensive laboratory thermocycler equipment for DNA
amplification, making it inaccessible in resource-limited settings. To address this shortcoming, eDNA-based monitoring could be
coupled with point-of care isothermal DNA amplification such as Loop-Mediated Isothermal Amplification (LAMP) or Recombinase
Polymerase Amplification (RPA), which are field-deployable and do not require expensive equipment (Blin et al., 2021; Fernandez-
Soto et al., 2014; Gandasegui et al., 2016).

Thirdly, a key limitation of eDNA is its inability to distinguish between parasite life stages. To overcome this challenge, field studies
could explore the integration of environmetal RNA-based approaches to differentiate between active transmission stages (presence of
infective cercariae) and potential transmission stages (presence of Schistosoma spp. eggs and miracidia) (Alzaylaee et al., 2020;
Champion et al., 2021; Kamel et al., 2021; Sengupta et al., 2019). This strategy could enhance the specificity of eDNA monitoring by
identifying life-stage-specific RNA transcripts (Cristescu, 2019; Stevens and Parsley, 2023; Yates et al., 2021), thereby providing more
precise insights into ongoing transmission dynamics.

Forthly, one of the key challenges in the field was the time-consuming and impractical nature of filtering eDNA from water,
particularly with Open membrane and Waterra filter types. This limited the sampling to only one or two sites per day, making it less
efficient than conventional malacology surveys where up to five sampling sites per day was feasible. To improve filtration, using a
portable electric pump could increase efficiency, though power supply remains a concern in remote areas. Additionally, prefiltration
with a larger pore size could help manage turbid water without significantly reducing eDNA capture. A larger plastic receiver bottle for
Open membrane filtration would also reduce sampling effort and contamination risks by minimising the need to frequently disconnect
and empty the collection bottle. Further improvements include refining filter preservation methods to prevent eDNA loss, such as
inserting a cotton ball between the filter and silica beads or using a paper coin envelope system. Collecting water without entering the
lake could also reduce infection risks, potentially through the use of boats, an extendable rod, or peristaltic pumps, though field
conditions may limit these solutions. Future studies should optimise water volume filtration across varying turbidity levels to balance
efficiency and eDNA yield while minimising costs and workload.

Lastly, understanding the ecological and hydrological dynamics of Schistosoma spp. eDNA in freshwater systems will be critical for
optimising sampling strategies. Factors such as eDNA release by the parasite, transport, degradation rates, and the influence of sea-
sonal fluctuations on eDNA detectability, require further investigation to refine predictive models for disease transmission risk. In
particular, the performance of eDNA assays may vary significantly across environmental matrices, potentially affecting detection
sensitivity. Matrix-spike experiments, where known quantities of target DNA are added to the environmental samples, could be
valuable in quantifying the effects of environmental inhibitors and refining the limit of detection in realistic field conditions. Although
this study was based on single time-point sampling, repeated sampling across seasons and years would allow assessing spatial-temporal
variation in S. mansoni eDNA detection across Lake Albert and Lake Victoria. Addressing these challenges will be essential for har-
nessing eDNA as a reliable and scalable tool for schistosomiasis surveillance in endemic regions.
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5. Conclusion

This study demonstrates the utility of eDNA as a tool for surveillance of schistosomiasis and likely other water-borne parasitic
diseases while highlighting differences in efficiency and sensitivity of three eDNA filtration and purification methods from water
samples. While Waterra filters and Sylphium extraction maximised eDNA recovery, our results suggest that lower-yielding filtration
approaches such as Open membrane filtration, can still provide sufficient eDNA for S. mansoni detection in sites with high parasite
loads. This makes eDNA a versatile and scalable tool for schistosomiasis monitoring, adaptable to different resource and transmission
settings. However, to fully integrate eDNA into schistosomiasis control programs, future efforts should focus on protocol stand-
ardisation, validation across diverse ecological settings, and the development of field-deployable isothermal amplification strategies
such as LAMP, suitable for low-resource settings. As eDNA surveillance advances, it has the potential to revolutionise parasitic disease
ecoepidemiology, offering a non-invasive, efficient, and scalable solution for global schistosomiasis control efforts.

CRediT authorship contribution statement

Cecilia Wangari Wambui: Writing — review & editing, Writing — original draft, Visualization, Validation, Methodology, Inves-
tigation, Formal analysis, Data curation, Conceptualization. Mila Viaene: Writing — review & editing, Writing — original draft,
Visualization, Validation, Methodology, Investigation, Formal analysis, Data curation, Conceptualization. Hannah Njiriku Mwangi:
Writing — review & editing, Methodology, Formal analysis, Data curation, Conceptualization. Benjamin André: Writing — review &
editing, Methodology, Data curation, Conceptualization. David Were Oguttu: Writing — review & editing, Supervision, Methodology.
Casim Umba Tolo: Resources, Project administration. Bart Hellemans: Writing — review & editing, Validation, Methodology, Formal
analysis, Data curation. Tine Huyse: Writing — review & editing, Supervision, Resources, Project administration, Methodology,
Funding acquisition, Conceptualization. Hugo F. Gante: Writing — review & editing, Visualization, Validation, Supervision, Resources,
Project administration, Methodology, Funding acquisition, Formal analysis, Conceptualization.

Funding

This research was supported by: (i) KU Leuven Research Fund grant STG/21/044 to HFG and the American Leprosy Mission 2023
NTD Innovation Prize (USA295-NTD Innovation Prize FY24), awarded to the ATRAP (Action Towards Reducing Aquatic snail-borne
Parasitic Disease) project for providing fieldwork sampling material, laboratory reagents and consumables. (ii) The VLIR-UOS travel
grant for funding the travel expenses to Uganda and the U-SMRC project (USA-NIH grant number U01A1168609).

Declaration of competing interest

All authors declare no competing financial interests.

Acknowledgements

We appreciate the U-SMRC project of the Uganda Virus Research Institute (UVRI) for selecting study sites and signing Prior
informed consent (PIC) and mutually agreed terms for eDNA studies with local communities and cherishing good collaboration. We
acknowledge UVRI for Material Transfer Agreements (MTAs) and UNCST for granting permission to export samples from Uganda to
Belgium. We also thank the Natural History Museum providing Schistosoma adult worms specimen. We thank field assistants and
community guides for support during data collection.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.fawpar.2025.e00313.

References

Alzaylaee, H., Collins, R.A., Shechonge, A., Ngatunga, B.P., Morgan, E.R., Genner, M.J., 2020. Environmental DNA-based xenomonitoring for determining
Schistosoma presence in tropical freshwaters. Parasit. Vectors 13 (1). https://doi.org/10.1186/s13071-020-3941-6.

Aula, O.P., McManus, D.P., Jones, M.K., Gordon, C.A., 2021. Schistosomiasis with a focus on Africa. Trop. Med. Infect. Dis. 6 (3), 1-40. https://doi.org/10.3390/
tropicalmed6030109.

Bass, D., Stentiford, G.D., Littlewood, D.T.J., Hartikainen, H., 2015. Diverse applications of environmental DNA methods in parasitology. Trends Parasitol. 31 (10),
499-513. https://doi.org/10.1016/J.PT.2015.06.013.

Blin, M., Portela, J., Boissier, J., 2021. SchistoLAMP : New Rapid Diagnostic Tool for Schistosomiasis, using LOOP-Mediated Isothermal Amplification of DNA
(October).

Brown, D.S., 1994. Freshwater Snails of Africa and their Medical Importance, 1st edition. CRC Press. https://doi.org/10.1201/9781482295184.

Bruce, K., Blackman, R., Bourlat, S.J., Hellstrom, A.M., Bakker, J., Bista, I., Bohmann, K., Bouchez, A., Brys, R., Clark, K., Elbrecht, V., Fazi, S., Fonseca, V.,
Hanfling, B., Leese, F., Machler, E., Mahon, A.R., Meissner, K., Panksep, K., Deiner, K., 2021. A practical guide to DNA-based methods for biodiversity assessment.
In: Advanced Books, 1. Advanced Books. https://doi.org/10.3897/ab.e68634.

14


https://doi.org/10.1016/j.fawpar.2025.e00313
https://doi.org/10.1186/s13071-020-3941-6
https://doi.org/10.3390/tropicalmed6030109
https://doi.org/10.3390/tropicalmed6030109
https://doi.org/10.1016/J.PT.2015.06.013
http://refhub.elsevier.com/S2405-6766(25)00060-5/rf0020
http://refhub.elsevier.com/S2405-6766(25)00060-5/rf0020
https://doi.org/10.1201/9781482295184
https://doi.org/10.3897/ab.e68634

C.W. Wambui et al. Food and Waterborne Parasitology 42 (2026) e00313

Buxton, A.S., Groombridge, J.J., Zakaria, N.B., Griffiths, R.A., 2017. Seasonal variation in environmental DNA in relation to population size and environmental
factors. In: Scientific Reports, vol. 7. Nature Publishing Group. https://doi.org/10.1038/srep46294.

Carolus, H., Muzarabani, K.C., Hammoud, C., Schols, R., Volckaert, F.A.M., Barson, M., Huyse, T., 2019. A cascade of biological invasions and parasite spillback in
man-made Lake Kariba. Sci. Total Environ. 659, 1283-1292.

Champion, T.S., Connelly, S., Smith, C.J., Lamberton, P.H.L., 2021. Monitoring schistosomiasis and sanitation interventions—The potential of environmental DNA. In:
Wiley Interdisciplinary Reviews: Water, vol. 8, Issue 1. John Wiley and Sons Inc. https://doi.org/10.1002/wat2.1491

Cristescu, M.E., 2019. Can environmental RNA revolutionize biodiversity science?. In: Trends in Ecology and Evolution, Vol. 34, Issue 8. Elsevier Ltd., pp. 694-697.
https://doi.org/10.1016/j.tree.2019.05.003

Douchet, P., Boissier, J., Mulero, S., Ferté, H., Doberva, M., Allienne, J.F., Toulza, E., Bethune, K., Rey, O., 2022. Make visible the invisible: optimized development of
an environmental DNA metabarcoding tool for the characterization of trematode parasitic communities. Environ. DNA 4 (3), 627-641. https://doi.org/10.1002/
edn3.273.

Emery, A.M., Allan, F.E., Rabone, M.E., Rollinson, D., 2012. Schistosomiasis collection at NHM (SCAN). Parasit. Vectors 5 (1). https://doi.org/10.1186/1756-3305-5-
185.

Exum, N.G., Kibira, S.P.S., Ssenyonga, R., Nobili, J., Shannon, A.K., Ssempebwa, J.C., Tukahebwa, E.M., Radloff, S., Schwab, K.J., Makumbi, F.E., 2019. The
prevalence of schistosomiasis in Uganda: a nationally representative population estimate to inform control programs and water and sanitation interventions. PLoS
Negl. Trop. Dis. 13 (8), 1-21. https://doi.org/10.1371/journal.pntd.0007617.

Fernandez-Soto, P., Gandasegui Arahuetes, J., Sdnchez Hernandez, A., Lopez Aban, J., Vicente Santiago, B., Muro, A., 2014. A loop-mediated isothermal amplification
(LAMP) assay for early detection of Schistosoma mansoni in stool samples: a diagnostic approach in a murine model. PLoS Negl. Trop. Dis. 8 (9). https://doi.org/
10.1371/journal.pntd.0003126.

Ficetola, G.F., Coissac, E., Zundel, S., Riaz, T., Shehzad, W., Bessiére, J., Taberlet, P., Pompanon, F., 2010. An in silico approach for the evaluation of DNA barcodes.
BMC Genomics 11 (1), 434. https://doi.org/10.1186/1471-2164-11-434.

Fox, J., Weisberg, S., 2019. An R Companion to Applied Regression, Third edition. Sage, Thousand Oaks CA. https://www.john-fox.ca/Companion/.

Frandsen, F., McCullough, F., Madsen, H., 1980. A Practical Guide to the Identification of African Freshwater Snails.

Fuss, A., Mazigo, H.D., Mueller, A., 2020. Malacological survey to identify transmission sites for intestinal schistosomiasis on Ijinga Island, Mwanza, North-Western
Tanzania. Acta Trop. 203. https://doi.org/10.1016/j.actatropica.2019.105289.

Gandasegui, J., Fernandez-Soto, P., Hernandez-Goenaga, J., LOpez-Aban, J., Vicente, B., Muro, A., 2016. Biompha-LAMP: a new rapid loop-mediated isothermal
amplification assay for detecting Schistosoma mansoni in Biomphalaria glabrata snail host. PLoS Negl. Trop. Dis. 10 (12). https://doi.org/10.1371/journal.
pntd.0005225.

Gava, S.G., de Carvalho, LR., Sato, M.O., Sato, M., de Fava, N.M.N., Parreiras, P.M., de Oliveira, A.A., Teixeira, S.S.F., Lourenco, A.J., dos Carvalho, O.S., Montresor, L.
C., Mourao, M.M., Caldeira, R.L., 2025. Advancing schistosomiasis surveillance: standardization and application of an environmental DNA (eDNA)-based
approach for detecting Schistosoma mansoni in Brazil. BMC Infect. Dis. 25 (1). https://doi.org/10.1186/512879-025-11069-0.

Goldberg, C.S., Strickler, K.M., Fremier, A.K., 2018. Degradation and dispersion limit environmental DNA detection of rare amphibians in wetlands: increasing
efficacy of sampling designs. Sci. Total Environ. 633, 695-703. https://doi.org/10.1016/j.scitotenv.2018.02.295.

Hagerty, R., 2025. Environmental DNA (eDNA) - Best Management Practices for Project Planning, Deployment, and Application n.d.

Hamburger, J., He-Na, Xin, X.Y., Ramzy, R.M., Jourdane, J., Ruppel, A., 1998. A polymerase chain reaction assay for detecting snails infected with bilharzia parasites
(Schistosoma mansoni) from very early prepatency. Am. J. Trop. Med. Hyg. 59 (6), 872-876.

Hammoud, C., Mulero, S., Van Bocxlaer, B., Boissier, J., Verschuren, D., Albrecht, C., Huyse, T., 2022. Simultaneous genotyping of snails and infecting trematode
parasites using high-throughput amplicon sequencing. Mol. Ecol. Resour. 22 (2), 567-586. https://doi.org/10.1111/1755-0998.13492.

Jo, T.S., 2023. Utilizing the state of environmental DNA (eDNA) to incorporate time-scale information into eDNA analysis. In: Proceedings of the Royal Society B:
Biological Sciences, Vol. 290, Issue 1999. Royal Society Publishing. https://doi.org/10.1098/rspb.2023.0979.

Joof, E., Sanyang, A.M., Camara, Y., Seyid, A.P., Baldeh, I, Jah, S.L., Ceesay, S.J., Sambou, S.M., Sanyang, S., Wade, C.M., Sanneh, B., 2021. Prevalence and risk
factors of schistosomiasis among primary school children in four selected regions of the Gambia. PLoS Negl. Trop. Dis. 15 (5). https://doi.org/10.1371/journal.
pntd.0009380.

Kamel, B., Laidemitt, M.R., Lu, L., Babbitt, C., Weinbaum, O.L., Mkoji, G.M., Loker, E.S., 2021. Detecting and identifying schistosoma infections in snails and aquatic
habitats: a systematic review. PLoS Negl. Trop. Dis. 15 (3), 1-21. https://doi.org/10.1371/journal.pntd.0009175.

Kendell, K., Manzer, D., Rezansoff, A., 2020. Amphimbian Monitoring Using Environmental DNA.

Klymus, K.E., Merkes, C.M., Allison, M.J., Goldberg, C.S., Helbing, C.C., Hunter, M.E., Jackson, C.A., Lance, R.F., Mangan, A.M., Monroe, E.M., Piaggio, A.J.,
Stokdyk, J.P., Wilson, C.C., Richter, C.A., 2020. Reporting the limits of detection and quantification for environmental DNA assays. Environ. DNA 2 (3), 271-282.
https://doi.org/10.1002/edn3.29.

Kura, K., Hardwick, R.J., Truscott, J.E., Toor, J., Hollingsworth, T.D., Anderson, R.M., 2020. The impact of mass drug administration on Schistosoma haematobium
infection: what is required to achieve morbidity control and elimination? Parasit. Vectors 13 (1). https://doi.org/10.1186/s13071-020-04409-3.

Laramie, M.B., Pilliod, D.S., Goldberg, C.S., Strickler, K.M., 2015. Environmental DNA sampling protocol - filtering water to capture DNA from aquatic organisms.
Tech. Methods. https://doi.org/10.3133/tm2al3.

Lenth, R., 2025. emmeans: Estimated Marginal Means, Aka Least-Squares Means. R Package Version 1.11.2-00002. https://rvlenth.github.io/emmeans/.

Madsen, H., Bloch, P., Phiri, H., Kristensen, T.K., Furu, P., 2001. Bulinus nyassanus is an intermediate host for Schistosoma haematobium in Lake Malawi. Ann. Trop.
Med. Parasitol. 95 (4), 353-360. https://doi.org/10.1080/00034983.2001.11813648.

Mawa, P.A,, Kincaid-Smith, J., Tukahebwa, E.M., Webster, J.P., Wilson, S., 2021. Schistosomiasis morbidity hotspots: Roles of the human host, the parasite and their
Interface in the development of severe morbidity. In: Frontiers in Immunology, vol. 12. Frontiers Media S.A. https://doi.org/10.3389/fimmu.2021.635869.

Melchior, M., Cindy, Baker, 2023. eDNA Guidelines and Field Protocols for Lotic Systems.

Merkes, C., Klymus, K., Allison, M., Goldberg, C., Helbin, C., Hunter, M., Jackson, C., Lance, R., Mangan, A., Monroe, E., Piagio, A., Stokdyk, J., Wilson, C., Richter, C.,
2019. Reporting the Limits of Detection (LOD) and Quantification (LOQ) for Environmental DNA Assays: Data. U.S. Geological Survey Data Release.

Nielsen, K.M., Calamali, L., Pietramellara, G., 2006. Stabilization of extracellular DNA and proteins by transient binding to various soil components. In: Varma, A.
(Ed.), Nucleic Acids and Proteins in Soil. Soil Biology. Springer, pp. 141-157.

Onasanya, A., Bengtson, M., Oladepo, O., Van Engelen, J., Diehl, J.C., 2021. Rethinking the top-down approach to schistosomiasis control and elimination in sub-
Saharan Africa. Front. Public Health 9. https://doi.org/10.3389/fpubh.2021.622809.

Pietramellara, G., Ascher, J., Borgogni, F., Ceccherini, M.T., Guerri, G., Nannipieri, P., 2009. Extracellular DNA in soil and sediment: fate and ecological relevance.
Biol. Fertil. Soils 45 (3), 219-235. https://doi.org/10.1007/s00374-008-0345-8.

R Core Team, 2022. R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing. https://www.R-project.org/.

Robson, H.L.A., Noble, T.H., Saunders, R.J., Robson, S.K.A., Burrows, D.W., Jerry, D.R., 2016a. Fine-tuning for the tropics: application of eDNA technology for
invasive fish detection in tropical freshwater ecosystems. Mol. Ecol. Resour. 16 (4), 922-932. https://doi.org/10.1111/1755-0998.12505.

Robson, H.L.A., Noble, T.H., Saunders, R.J., Robson, S.K.A., Burrows, D.W., Jerry, D.R., 2016b. Fine-tuning for the tropics: application of eDNA technology for
invasive fish detection in tropical freshwater ecosystems. Mol. Ecol. Resour. 16 (4), 922-932. https://doi.org/10.1111/1755-0998.12505.

Sato, M.O., Rafalimanantsoa, A., Ramarokoto, C., Rahetilahy, A.M., Ravoniarimbinina, P., Kawai, S., Minamoto, T., Sato, M., Kirinoki, M., Rasolofo, V., De Calan, M.,
Chigusa, Y., 2018. Usefulness of environmental DNA for detecting Schistosoma mansoni occurrence sites in Madagascar. Int. J. Infect. Dis. 76, 130-136. https://
doi.org/10.1016/j.ijid.2018.08.018.

Schols, R., Carolus, H., Hammoud, C., Mulero, S., Mudavanhu, A., Huyse, T., 2019. A rapid diagnostic multiplex PCR approach for xenomonitoring of human and
animal schistosomiasis in a “one health” context. Trans. R. Soc. Trop. Med. Hyg. 113 (11), 722-729. https://doi.org/10.1093/trstmh/trz067.

15


https://doi.org/10.1038/srep46294
http://refhub.elsevier.com/S2405-6766(25)00060-5/rf0040
http://refhub.elsevier.com/S2405-6766(25)00060-5/rf0040
https://doi.org/10.1002/wat2.1491
https://doi.org/10.1016/j.tree.2019.05.003
https://doi.org/10.1002/edn3.273
https://doi.org/10.1002/edn3.273
https://doi.org/10.1186/1756-3305-5-185
https://doi.org/10.1186/1756-3305-5-185
https://doi.org/10.1371/journal.pntd.0007617
https://doi.org/10.1371/journal.pntd.0003126
https://doi.org/10.1371/journal.pntd.0003126
https://doi.org/10.1186/1471-2164-11-434
https://www.john-fox.ca/Companion/
http://refhub.elsevier.com/S2405-6766(25)00060-5/rf0085
https://doi.org/10.1016/j.actatropica.2019.105289
https://doi.org/10.1371/journal.pntd.0005225
https://doi.org/10.1371/journal.pntd.0005225
https://doi.org/10.1186/s12879-025-11069-0
https://doi.org/10.1016/j.scitotenv.2018.02.295
http://refhub.elsevier.com/S2405-6766(25)00060-5/rf0110
http://refhub.elsevier.com/S2405-6766(25)00060-5/rf0115
http://refhub.elsevier.com/S2405-6766(25)00060-5/rf0115
https://doi.org/10.1111/1755-0998.13492
https://doi.org/10.1098/rspb.2023.0979
https://doi.org/10.1371/journal.pntd.0009380
https://doi.org/10.1371/journal.pntd.0009380
https://doi.org/10.1371/journal.pntd.0009175
http://refhub.elsevier.com/S2405-6766(25)00060-5/rf0140
https://doi.org/10.1002/edn3.29
https://doi.org/10.1186/s13071-020-04409-3
https://doi.org/10.3133/tm2a13
https://rvlenth.github.io/emmeans/
https://doi.org/10.1080/00034983.2001.11813648
https://doi.org/10.3389/fimmu.2021.635869
http://refhub.elsevier.com/S2405-6766(25)00060-5/rf0175
http://refhub.elsevier.com/S2405-6766(25)00060-5/rf0180
http://refhub.elsevier.com/S2405-6766(25)00060-5/rf0180
http://refhub.elsevier.com/S2405-6766(25)00060-5/rf0185
http://refhub.elsevier.com/S2405-6766(25)00060-5/rf0185
https://doi.org/10.3389/fpubh.2021.622809
https://doi.org/10.1007/s00374-008-0345-8
https://www.R-project.org/
https://doi.org/10.1111/1755-0998.12505
https://doi.org/10.1111/1755-0998.12505
https://doi.org/10.1016/j.ijid.2018.08.018
https://doi.org/10.1016/j.ijid.2018.08.018
https://doi.org/10.1093/trstmh/trz067

C.W. Wambui et al. Food and Waterborne Parasitology 42 (2026) e00313

Sengupta, M.E., Hellstrom, M., Kariuki, H.C., Olsen, A., Thomsen, P.F., Mejer, H., Willerslev, E., Mwanje, M.T., Madsen, H., Kristensen, T.K., Stensgaard, A.S.,
Vennervald, B.J., 2019. Environmental DNA for improved detection and environmental surveillance of schistosomiasis. Proc. Natl. Acad. Sci. USA 116 (18),
8931-8940. https://doi.org/10.1073/pnas.1815046116.

Sengupta, M.E., Lynggaard, C., Mukaratirwa, S., Vennervald, B.J., Stensgaard, A.S., 2022. Environmental DNA in human and veterinary parasitology - current
applications and future prospects for monitoring and control. Food Waterborne Parasitol. 29. https://doi.org/10.1016/j.fawpar.2022.e00183.

Stevens, J.D., Parsley, M.B., 2023. Environmental RNA applications and their associated gene targets for management and conservation. In: Environmental DNA, Vol.
5, Issue 2. John Wiley and Sons Inc., pp. 227-239. https://doi.org/10.1002/edn3.386

Strickler, K.M., Fremier, A.K., Goldberg, C.S., 2015. Quantifying effects of UV-B, temperature, and pH on eDNA degradation in aquatic microcosms. Biol. Conserv.
183, 85-92. https://doi.org/10.1016/j.biocon.2014.11.038.

Sylphium molecular ecology, 2024. Environmental DNA Isolation Kit with Optional IPC Quantification Kit Based on the eDNA Master Mix. https://sylphium.com/
webshop.

Trippler, L., Ali, M.N., Ame, S.M., Ali, S.M., Kabole, F., Hattendorf, J., Knopp, S., 2022. GPS-based fine-scale mapping surveys for schistosomiasis assessment: a
practical introduction and documentation of field implementation. Infect. Dis. Poverty 11 (1). https://doi.org/10.1186/540249-021-00928-y.

WHO, 2016. WHO | Prevention and Control of Schistosomiasis and Soil-Transmitted Helminthiasis: WHO Technical Report Series N° 912. WHO. http://www.who.
int/intestinal_worms/resources/who_trs_ 912/en/.

WHO, 2020. Ending the Neglect to Attain the Sustainable Development Goals: A Road Map for Neglected Tropical Diseases 2021-2030. World Health Organization,
Geneva. https://www.who.int/neglected_diseases/Revised-DraftNTD-Roadmap-23Apr2020.pdf. In Word Health Organization.

WHO, 2022. Schistosomiasis. https://www.who.int/news-room/fact-sheets/detail /schistosomiasis.

Wickham, H., 2016. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag, New York. ISBN 978-3-319-24277-4. https://ggplot2.tidyverse.org.

Wickham, H., Francois, R., Henry, L., Miiller, K., Vaughan, D., 2025. dplyr: A Grammar of Data Manipulation. https://dplyr.tidyverse.org.

Yates, M.C., Derry, A.M., Cristescu, M.E., 2021. Environmental RNA: A revolution in ecological resolution?. In: Trends in Ecology and Evolution, Vol. 36, Issue 7.
Elsevier Ltd., pp. 601-609. https://doi.org/10.1016/].tree.2021.03.001

Yin, X., N’Goran, E.K., Ouattara, M., Aka, N.A.D., Diakité, N.R., Bassa, F.K., Kourany-Lefoll, E., Tappert, A., Yalkinoglu, O., Huber, E., Bezuidenhout, D., Bagchus, W.
M., Hayward, B., 2021. Comparison of POC-CCA with Kato-Katz in diagnosing Schistosoma mansoni infection in a pediatric L-praziquantel clinical trial. Front.
Trop. Dis. 2. https://doi.org/10.3389/fitd.2021.686288.

16


https://doi.org/10.1073/pnas.1815046116
https://doi.org/10.1016/j.fawpar.2022.e00183
https://doi.org/10.1002/edn3.386
https://doi.org/10.1016/j.biocon.2014.11.038
https://sylphium.com/webshop
https://sylphium.com/webshop
https://doi.org/10.1186/s40249-021-00928-y
http://www.who.int/intestinal_worms/resources/who_trs_912/en/
http://www.who.int/intestinal_worms/resources/who_trs_912/en/
https://www.who.int/neglected_diseases/Revised-DraftNTD-Roadmap-23Apr2020.pdf
https://www.who.int/news-room/fact-sheets/detail/schistosomiasis
https://ggplot2.tidyverse.org
https://dplyr.tidyverse.org
https://doi.org/10.1016/j.tree.2021.03.001
https://doi.org/10.3389/fitd.2021.686288

	Advancing schistosomiasis monitoring through optimised environmental DNA detection
	1 Introduction
	2 Materials and methods
	2.1 Ethics statement
	2.2 Field surveys in Uganda
	2.2.1 Study location and sampling site selection
	2.2.2 eDNA sampling
	2.2.2.1 Open membrane filtration
	2.2.2.2 Waterra filtration
	2.2.2.3 Sylphium filtration

	2.2.3 eDNA purification and yield measurement
	2.2.4 Snail sampling, shedding experiments and molecular analysis

	2.3 Primer design, in silico and in vitro testing
	2.4 SYBR Green qPCR assay optimisation and sensitivity testing
	2.5 Statistical analysis
	2.5.1 Data standardisation
	2.5.2 Comparison of filter performance and eDNA purification protocols
	2.5.3 Impact of filter type and turbidity on S. mansoni eDNA detection

	2.6 Comparative analysis of sampling effort and costs

	3 Results
	3.1 Assay specificity and sensitivity
	3.2 eDNA field samples qPCR amplification
	3.2.1 Field blanks
	3.2.2 eDNA versus snail surveys

	3.3 Correlation between turbidity and TDS
	3.4 Comparison of filtration techniques across sampling sites (filter performance)
	3.5 Comparison of eDNA purification methods
	3.6 Impact of filter type and total eDNA yield on S. mansoni eDNA detectability
	3.7 Site-level transmission analysis to rank sites based on detection frequency and intensity
	3.8 Relationship between turbidity and S. mansoni eDNA detectability
	3.9 Analysis of sampling efforts and costs

	4 Discussion
	4.1 The role of filtration in maximising eDNA recovery and schistosome detection
	4.2 Optimising eDNA purification for field samples
	4.3 Influence of environmental factors on eDNA persistence
	4.4 eDNA versus conventional malacological surveys
	4.5 Field blanks
	4.6 Broader implications and future directions

	5 Conclusion
	CRediT authorship contribution statement
	Funding
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


